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CROSS REFERENCE TO RELATED APPLICATIONS 

u3 This application claims the benefit of Provisional Patent Application no. 60/224,690, 

filed August 11, 2000 by Goldenberg et al, entitled, "Actuator Thermal Protection/' and which is 
mis incorporated herein by reference for all purposes, 

% BACKGROUND OF THE INVENTION 

The present invention relates generally to actuators, and more particularly to actuators 
■;'^0 used in computer interface devices that allow the user to provide input to computer systems and 
allow computer systems to provide haptic feedback to the user. 

A user can interact with a computer to perform fimctions and tasks on the computer, such 
as playing a game, experiencing a simulation or virtual reality environment, using a computer 
aided design system, operating a graphical user ii>terface (GUI), navigate web pages, etc. 

25 Common human-computer interface devices used for such interaction include a mouse, joystick, 
trackball, gamepad, steering wheel, stylus, tablet, pressure-sensitive sphere, knob, or the like, that 
is connected to the computer system controlling the displayed environment, hi some interface 
devices, kinesthetic force feedback and/or tactile feedback is also provided to the user, more 
generally known collectively herein as "haptic feedback." These types of interface devices can 

30 provide physical sensations which are felt by the user manipulating a user manipulandum of the 
interface device, such as a joystick handle, mouse, wheel, etc. One or more motors or other 
actuators are coupled to the manipulandum and are connected to the controlling computer 
system. The computer controls forces on the manipulandum and/or device housing in 
conjunction and coordinated with displayed events and interactions by sending control signals or 

35 commands to the actuators. The computer system can thus convey physical force sensations to 
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the user in conjunction with other suppUed feedback as the user is grasping or contacting the 
interface device or manipulatable object of the interface device. 

A problem with many types of haptic feedback interface devices, such as haptic knobs, 
joysticks, and other types of devices, is protecting the actuator(s) of the device from failure due 
to high temperatures. For example, moving-coil DC motors in haptic feedback devices are 
typically stalled at high currents, and so have the potential to heat up quickly. For example, a 
haptic feedback device may output a barrier force or other resistive force, where the user moves a 
manipulandum in direct opposition to the output force. This can cause excessive heat in an 
actuator. 

A robust haptic feedback product must protect its actuators against excessive coil and 
magnet temperatures. This problem can be solved by mounting a thermistor directly on the 
motor coil and using its information to safely regulate temperature. However, it is impossible to 
mount a thermistor on the moving coil of a typical brushed motor. Other ways must be employed 
to predict and prevent destructive coil temperatures in brushed motors. More cost effective ways 
to prevent such temperatures in brushed motors and other types of actuators are also needed. 
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SUMMARY OF THE INVENTION 



The present invention is directed toward providing thermal protection for actuators used 
in haptic feedback interface devices. 

5 More particularly, a method for providing thermal protection for an actuator in a haptic 

feedback device includes determining an average energy in the actuator over a predetermined 
period of time, and reducing the maximum allowable current level in the actuator if the average 
energy is determined to exceed a predetermined warning energy level. The average energy can 
be determined over time by repeatedly moving an energy window by a predetermined timeslice 
10 and determining an average energy within the energy window after each of the movements. The 
maximum allowable current level can be reduced to a sustainable current level if the average 
Q energy reaches a maximum energy level allowed, where the actuator can operate indefinitely 
without overheating at the sustainable current level. The maximum allowable current level in the 
r^y actuator can also be raised after its has been reduced if the average energy is determined to be 
\J15 below the predetermined warning energy level. Preferably, the maximixm allowable current level 
is reduced gradually as a ramp function and as a function of the energy by which the 
predetermined warning energy level has been exceeded. 

In another aspect of the present invention, a haptic interface device is in communication 
with a host computer implementing a host application program and includes a sensor device 
: Jo operative to detect a manipulation of the interface device by the user, at least one actuator 
^ operative to output force to the user, and a controller that determines an average energy in the 
actuator over a predetermined period of time as the actuator outputs the forces, and reduces the 
maximum allowable current level in the actuator if the average energy is determined to exceed a 
predetermined warning energy level. The controller can reduce the maximum allowable current 
25 level to a sustainable current level, and can raise the maximum allowable current level in the 
actuator if the average energy is determined to be below the predetermined warning energy level. 
The controller can be a microprocessor local to the haptic feedback device and separate from the 
host computer. A positive temperature coefficient (PTC) resettable fiise can also be provided in 
a current path of the actuator, where the fuse opens to stop a flow of the current when the current 
30 increases to a ftise threshold level. 

The present invention advantageously provides thermal protection for actuators used in a 
haptic feedback interface device. The invention allows smooth, high magnitude forces to be 
output to the user to convey high fidelity haptic sensations without allowing the actuators to 
overheat due to excessive power consumption during operation of the actuators at stall. 
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These and other advantages of the present invention will become apparent to those skilled 
in the art upon a reading of the following specification of the invention and a study of the several 
figures of the drawing. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



FIGURE 1 is a block diagram illustrating a haptic feedback system suitable for use with 
the present invention; 

FIGURE 2 is a graph illustrating the current in a DC motor over time, and showing a 
constant request for maximum force ramped back according to the present invention when an 
energy budget is exceeded; 

FIGURE 3 is a graph illustrating an energy balance of the present invention in action over 
time in a typical motor; 

FIGURE 4 is a graph illustrating a possible input current and spikes that can result from 
the method of Fig. 3; 

FIGURE 5 is a graph illustrating a relationship between energy and input current of the 
present invention; 

FIGURE 6 is a flow diagram illustrating a method of the present invention of providing 
thermal protection to actuators; 

FIGURE 7 is a graph illustrating an energy window used to determined average energy; 

FIGURE 8 is a graph illustrating a simulation of a ramping down of current according to 
the present invention; and 

FIGURE 9 is a graph illustrating a bounded current of the present invention when a 
random input current is provided in the actuator 
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DETAILED DESCRIPTTON OF PREFERRED EMBODIMENTS 



FIGURE 1 is a block diagram illustrating a haptic feedback system suitable for use with 
the described embodiments of the present invention. The haptic feedback system includes a host 
computer system 14 and interface device 12. 

Host computer system 14 preferably includes a host microprocessor 100, a clock 102, a 
display screen 26, and an audio output device 104. The host computer also includes other well 
known components, such as random access memory (RAM), read-only memory (ROM), and 
input/output (I/O) electronics (not shown). 

Host computer 14 can be a personal computer or workstation and may operate under any 
well-known operating system. Or, host computer system 14 can be one of a variety of home 
video game console systems commonly connected to a television set or other display, such as 
systems available from Nintendo, Sega, Sony, or Microsoft. In other embodiments, host 
computer system 14 can be a "set top box" which can be used, for example, to provide interactive 
television fimctions to users, or a "network-" or "internet-computer" which allows users to 
interact with a local or global network using standard connections and protocols such as used for 
the Internet and World Wide Web. In other implementations, the host computer can be an 
appUance or electronic device, vehicle computer, arcade game, portable computer, etc. 

Host computer 14 preferably implements a host application program with which a user is 
interacting via interface device 12 which includes haptic feedback functionality. For example, 
the host appUcation program can be a video game, word processor or spreadsheet, Web page or 
browser that implements HTML or VRML instructions, scientific analysis program, virtual 
reality training program or apphcation, or other application program that utilizes input of mouse 
12 and outputs force feedback commands to the device 12. Herein, for simpUcity, operating 
systems such as Windows™, MS-DOS, MacOS, Linux, Be, etc. are also referred to as 
"application programs." Herein, computer 14 may be referred as providing a "graphical 
environment," which can be a graphical user interface, game, simulation, or other visual 
environment, and include graphical objects, which are displayed by display device 26. Suitable 
software drivers which interface such software with computer input/output (I/O) devices are 
available from hnmersion Corporation of San Jose, California. 

Display device 26 can be included in host computer 14 and can be a standard display 
screen (LCD, CRT, flat panel, etc.), 3-D goggles, or any other visual output device. Typically, 
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the host apphcation provides images to be displayed in a graphical environment on display 
device 26 and/or other feedback, such as auditory signals. Audio output device 104, such as 
speakers, is preferably coupled to host microprocessor 100 via amplifiers, filters, and other 
circuitry well known to those skilled in the art and provides sound output to user when an "audio 
5 event" occurs during the implementation of the host application program. Other types of 
peripherals can also be coupled to host processor 100, such as storage devices (hard disk drive, 
CD ROM drive, floppy disk drive, etc.), printers, and other input and output devices. 

Literface device 12 is coupled to the computer 14 by a bus 20, which communicates 
signals between device 12 and computer 14 and may also, in some embodiments, provide power 
10 to the device 12. In other embodiments, signals can be sent between device 12 and computer 14 
by wireless transmission/reception. In some embodiments, the power for the actuator can be 
supplemented or solely supplied by a power storage device provided on the device, such as a 
■ 5 capacitor or one or more batteries. The bus 20 is preferably bi-directional to send signals in 
;,3 either direction between host 14 and device 12. Bus 20 can be a serial interface bus, such as an 
\j^5 RS232 serial interface, RS-422, Universal Serial Bus (USB), MIDI, or other protocols well 
known to those skilled in the art; or a parallel bus or wireless link. 

Device 12 can include a local microprocessor 110. Local microprocessor 110 can 
i«3 optionally be included within the housing of device 12 to allow efficient communication with 
other components of the device. Processor 110 is considered local to device 12, where "local" 
:.50 herein refers to processor 110 being a separate microprocessor from any processors in host 
Q computer system 14. "Local" also preferably refers to processor 110 being dedicated to haptic 
feedback and sensor I/O of device 12. Microprocessor 110 can be provided with software 
instructions (e.g., firmware) to wait for commands or requests fi^om computer host 14, decode the 
command or request, and handle/control input and output signals according to the command or 
25 request. In addition, processor 110 can operate independently of host computer 14 by reading 
sensor signals and calculating appropriate forces from those sensor signals, time signals, and 
stored or relayed instructions selected in accordance with a host command. Suitable 
microprocessors for use as local microprocessor 110 include lower-end microprocessors as well 
as more sophisticated force feedback processors such as the Immersion Touchsense Processor. 
30 Microprocessor 110 can include one microprocessor chip, multiple processors and/or co- 
processor chips, and/or digital signal processor (DSP) capability. 

Microprocessor 110 can receive signals from sensor 112 and provide signals to actuator 
18 in accordance with instructions provided by host computer 14 over bus 20. For example, in a 
local control embodiment, host computer 14 provides high level supervisory commands to 
35 microprocessor 110 over bus 20, and microprocessor 110 decodes the commands and manages 
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low level force control loops to sensors and the actuator in accordance with the high level 
commands and independently of the host computer 14. This operation is described in greater 
detail in US Patents 5,739,811 and 5,734,373, both incorporated herein by reference in their 
entirety. Herein, the term "haptic sensation" or "tactile sensation" refers to either a single force 
or a sequence of forces output by the actuator 18 which provide a sensation to the user. For 
example, vibrations, a single jolt, or a texture sensation are all considered tactile sensations. The 
microprocessor 110 can process inputted sensor signals to determine appropriate output actuator 
signals by following stored instructions. The microprocessor may use sensor signals in the local 
determination offerees to be output on the user object, as well as reporting locative data derived 
from the sensor signals to the host computer. 

hi yet other embodiments, other hardware can be provided locally to device 12 to provide 
functionality similar to microprocessor 110. For example, a hardware state machine 
incorporating fixed logic can be used to provide signals to the actuator 18 and receive sensor 
signals Jfrom sensors 1 12, and to output tactile signals. 

In a different, host-controlled embodiment, host computer 14 can provide low-level force 
commands over bus 20, which are directly transmitted to the actuator 18 via microprocessor 1 10 
or other circuitry. Host computer 14 thus directly controls and processes all signals to and from 
the device 12, e.g. the host computer directly controls the forces output by actuator 18 and 
directly receives sensor signals from sensor 1 12 and input devices 118. Other embodiments may 
employ a "hybrid" organization where some types of forces (e.g. closed loop effects) are 
controlled purely by the local microprocessor, while other types of effects (e.g., open loop 
effects) may be controlled by the host. 

Local memory 122, such as RAM and/or ROM, is preferably coupled to microprocessor 
1 10 in device 12 to store instructions for microprocessor 1 10 and store temporary and other data. 
In addition, a local clock 124 can be coupled to the microprocessor 110 to provide timing data, 
similar to system clock 102 of host computer 14. 

Sensors 112 sense the position or motion of the device (e.g. the housing or a 
manipulandum) in degrees of freedom and provides signals to microprocessor 110 (or host 14) 
including information representative of the position or motion. Sensors suitable for detecting 
motion include digital optical encoders, other optical sensor systems, linear optical encoders, 
potentiometers, optical sensors, velocity sensors, acceleration sensors, strain gauge, or other 
types of sensors can also be used, and either relative or absolute sensors can be used. Optional 
sensor interface 1 14 can be used to convert sensor signals to signals that can be interpreted by the 
microprocessor 1 10 and/or host computer system 14, as is well known to those skilled in the art. 
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Actuator(s) 18 transmits forces to the housing, manipulandum, buttons, or other portion 
of the device in response to signals received from microprocessor 110 and/or host computer 14. 
Device 12 preferably includes one or more actuators which are operative to produce forces on the 
device 12 (or a component thereof) and haptic sensations to the user. The actuator(s) are 
"computer-controlled", e.g., the force output from the actuators is ultimately controlled by 
signals originating from a controller such as a microprocessor, ASIC, etc. The present invention 
is primarily intended for use with active actuators such as DC motors, but may be used with a 
variety of types, such as voice coil actuators, moving magnet actuators, pneumatic/hydraulic 
actuators, solenoids, speaker voice coils, piezoelectric actuators, passive actuators (brakes), etc. 
Actuator interface 1 16 can be optionally connected between actuator 18 and microprocessor 110 
to convert signals from microprocessor 110 into signals appropriate to drive actuator 18, 
Interface 116 can include power amplifiers, switches, digital to analog controllers (DACs), 
analog to digital controllers (ADCs), and other components, as is well known to those skilled in 
the art. 

Other input devices 118 can be included in device 12 and send input signals to 
microprocessor 110 or to host 14 when manipulated by the user. Such input devices include 
buttons, dials, switches, scroll wheels, knobs, or other controls or mechanisms. Power supply 
120 can optionally be included in device 12 coupled to actuator interface 116 and/or actuator 18 
to provide electrical power to the actuator, or be provided as a separate component. 
Alternatively, power can be dravra from a power supply separate from device 12, or power can be 
received across bus 20, Also, received power can be stored and regulated by device 12 and thus 
used when needed to drive actuator 18 or used in a supplementary fashion. 

The interface device 12 can be any of a variety of types; some embodiments are described 
further below. For example, a manipulandum 34 on the device, such as a joystick handle, a 
knob, a steering wheel, a trackball, button, etc., is moved by the user and tracked by sensors. The 
forces from the actuator(s) 18 can be applied to the housing 34 of the device 12, and/or a 
movable manipulandum 34. Device 12 can also be a gamepad, joystick, steering wheel, stylus, 
touchpad, spherical controller, finger pad, knob, track ball, or other device, some embodiments of 
which are described below. Alternatively, a hand-held remote control device used to select 
functions of a television, video cassette recorder, sound stereo, internet or network computer 
(e.g., Web-TV™) can be used with the haptic feedback components described herein, or a cell 
phone, personal digital assistant, etc. 
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Thermal Protection for Actuators 



The present invention is directed to protecting actuators from overheating during 
operation at stall, which is the primary mode of operation in haptic feedback devices, where the 
actuator is outputting force in opposition to a user's force on a manipulandum, for example. 
During normal output of forced by the haptic device, the actuators of the device can overheat if 
the maximum allowable current is allowed to be commanded through the actuator to provide the 
desired haptic effects. 

The present invention can provide thermal protection for actuators, such as motors, using 
several different methods, a broad overview of which is presented below: 

1. Insert a Positive Temperature Coefficient (PTC) resettable fuse in the current path of 
the motor. Size the PTC fuse so it "opens" before the motor can be damaged, i.e. when the 
current increases to the threshold level set by the fuse, the fuse opens to cut the current flow. 

2. Power Monitoring: Use thermal testing data to draw an empirical between power and 
temperature in the actuator, and then monitor and regulate power in the actuator to control 
temperature and avoid damaging the motor. 

3. Measure the actuator coil temperature with a thermocouple on the motor housing, and 
use a thermal model to predict coil temperature from the housing temperature. 

4. Measure actuator coil temperature by measuring the change in resistance of the coil 
from a calibrated nominal value. This solution requires sensing circuitry for motor current and 
voltage in order to actively measure the resistance of the coil. 

5. Mount a Passive Infrared (PER) sensor, such as a thermopile or pyroelectric sensor, 
inside the motor housing to perform non-contact heat sensing of the rotor. 



Any of these different approaches can be used. The preferred implementation is a 
combination of PTC fuse and Power Monitoring (methods 1 and 2 from above), which would in 
many cases provide the safest solution with the most usable haptic output. Power Monitoring 
can be used to limit the rate at which motor temperature can increase. The PTC can be used to be 
sure that, under extended abusive use at high ambient temperatures (or in the case of firmware 
failure), the motor temperature will not eventually exceed its allowable maximum. The details of 
the Power Monitoring approach are discussed herein. 
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Power Monitoring 

The power monitoring method of thermal protection of the present invention strikes a 
balance between the energy, or heat, entering and escaping the actuator system. Power into the 
system can be expressed in Watts. Energy can be thought of as the sum of power over time, 
expressed in Watt-seconds. It is assumed that there is some sustainable level of energy input 
where heat escapes from the motor as quickly as it enters. This energy level can be found 
experimentally. Then, as long as the energy applied to the motor falls beneath the sustainable 
level for a given period of time, the motor temperature will not rise. If the energy applied to the 
motor exceeds the sustainable level, the input must be folded back. 

Instantaneous power dissipated in the coil is represented as a function of current at time t: 

P = I{tfR 

Energy into the motor in a particular time frame can be expressed by summing 
instantaneous power over time: 

n+T n+T 
n n 

Sustainable current can be foimd empirically and used to derive sustainable energy: 

n+T n+T n+T 

^sustainable " y sustainable^^ ~ \l sustainable " ^ sustainable = R • I ^^^^^i^^^i^ ' T 

n n n 

Delivered energy should be less than sustainable energy: 

n+T 

\li„itfRdt<R.I^^^^^,;.T 

n 

n+T 
n 

n+T 

n 
n+T 

-2 </ 2 

rjn sustainable 

The final equation reveals that current averaged over the time period must fall below 
sustainable current. Otherwise current into the motor must be ramped back, regardless of the 



Docket No. IMM115A 



11 



requested current (i.e., requested by a controller such as a microprocessor to output a desired 
haptic effect). 

A broad method for controlling a motor over the standard sustainable current level for 
brief periods of time is described in copending provisional patent appHcation no. 60/182,557, 
filed 2/15/00, and is incorporated herein by reference. 



The goal of the Power Monitoring method of the present invention is to ensure that 
sustainable power is not exceeded. If a request to output one or more forces would cause the 
"energy budget" for the motor to be exceeded, the request cannot be honored as it stands; instead 
it must somehow be reduced. The way in which a request is reduced is critical to providing high 
fidelity, graceful and realistic haptic sensations. The method provided here regulates energy into 
the system while maintaining realistic haptic sensations. 

First, certain boundaries and terms are defined to aid in describing the method: 

-Imax is the maximum possible current that can be driven through the motor. Imax is 
usually a function of the power supply and power amplifier connected to the motor, and is 
chosen to accommodate the torque output (or other force output) in the design 
specification, Imax cannot be sustained indefinitely; if it is driven too long, the motor can 
become damaged. 

-Isustainable is the current which can be applied to the winding of the motor forever, 
where the winding temperature will climb to a safe asymptote. 

-Ifoldback is the ''Imax'' when the system is in a reduced-force state while trying to limit 
energy input. Ifoldback is a design parameter in this method, and later we will 
dynamically set Ifoldback as a function of the energy in the system. 

-Emax is the energy that corresponds to the area under the power curve /^^i? over time, 

and represents the "energy budget" allowed to be used in the motor system under the 
present invention. 

-Ewarning is an energy level that is a design parameter that is used to dynamically 
regulate IfoldbacL 

-Ibound, or Bound lin, is the current boundary level or envelope set by the present 
invention to regulate actuator temperature. Ibound may be set at Imax, or may be set 
lower to limit the current in the actuator and allow the actuator temperature to cool. The 
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lowest level Ibound need be set at is Isustainable since actuator temperature is always 
safe at that level. 

Folding back the current through the motor is done to ensure that sustainable energy is 
not exceeded within any period T. The instantaneous power is allowed to exceed the sustainable 
power, but not on the average. FIGURE 2 is a graph 200 illustrating the current in a typical DC 
motor over time, and presenting a simple case where, when the energy budget is exceeded, the 
constant request for maximum force is ramped back (current I is proportional to the magnitude of 
output force of the motor; current is commonly input to motors using pulse width modulation 
(PWM) techniques, as is well known to those skilled in the art). 

Thus, in this case, lin drops to Ifoldback. lin (curve 202) initially starts out at the level of 
Imax (curve 204), but once the energy budget is exceeded, lin is dropped to the level of Ifoldback 
(curve 206), which is shown to be below Isustainable (curve 208). Ifoldback is chosen to be less 
than Isustainable so that the additional energy in excess of the sustainable energy is recouped 
later in time. In other words, the sum of energy in excess of the sustainable energy limit in the 
first 10 seconds (in the example of Fig. 2) must be equal to the sum of energy under the 
sustainable energy limit for the remainder of the period T. The longer that the period T is made, 
the more excess energy can be input to the system, hi the examples shown herein, a period of 
about 128 seconds is demonstrated. 

FIGURE 3 is a graph 220 illustrating the energy balance in action over time in a typical 
motor. lin (curve 222) is input at a high current, then dropped to the Ifoldback level (curve 224) 
for recurring periods of time, where the Ifoldback level is below the Isustainable level (curve 
226). The average energy ^v^i'm (power) in the system is shown as curve 228. Average energy 
in the system is reduced while lin is at the foldback level, allowing the current lin and thus output 
forces to rise back to the maximum level (Jmax) for brief periods of time before protection is 
reinstated and the current drops again to the foldback level. 

li Ifoldback is set further below Isustainable, more energy is reclaimed in each time slice. 
Then, forces can ramp back to maximum sooner. However, as Ifoldback decreases, foldback 
forces will be weaker and weaker until haptic sensations are imperceptible in foldback mode. In 
the present invention, a preferred implementation folds back forces to no less than Isustainable 
(so that Ifoldback = Isustainable). This can seem risky, but, in the worst case, temperature will 
settle to the temperature dictated by Isustainable, and in the average case only a fraction of the 
area under the sustainable power curve will be consumed by required forces (though this depends 
on the user and the application). The drawback of setting Ifoldback as high as Isustainable is that 
the energy budget may be exceeded in the short term, causing higher peak temperatures in the 
actuator coil. 
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FIGURE 4 is a graph 240 illustrating some problems in the above-described method. 
Ibound (or "Bound lin") (curve 242) is an envelope that constrains the requested input current 
level to either Imax or Isustainable, Possible lin is a randomly-generated curve 244 that 
represents one possible input current that fluctuates due to user input and forces on the 
5 manipulandum of the interface device, causing output forces to fluctuate in response. Possible 
lin has been scaled to be within the range set by Ibound, The average energy Avg Ein in the 
system is shown as curve 246. 

One problem is the force discontinuity that occurs during nornial use when transitioning 
to and from foldback mode, i.e. the regularly-spaced steps that occur due to exceeding the energy 
10 budget. The sharp edges of the Ibound curve provide jumps in force output magnitudes which 
are readily discernible to the user of the haptic feedback device, and which do not create a 
realistic haptic sensation. 

Another problem manifests itself as occasional spikes caused by discontinuities in the 
ril input current and which are allowed to rise to higher levels due to energy reclamation. For 
15 example, an "energy window" can be envisioned which has a length of the period T. The energy 
1^^ window portrays the total amount of energy that is allowed to be input to the motor. As the 
' energy window moves in time, the energy level coming into the window (which is proportional 
to the presently-commanded current) has a maximum dependent on how much energy has left the 
wmdow, since the maximum energy is limited by the energy budget maximum. For example, if a 
;=|20 long period of relatively higher current levels leaves the window, then a large amount of room 
Q has opened up in the energy budget, and the current level input to the motor can be increased to a 
higher level. 

A relatively long period of higher "bursts" of discontinuities 248 (as shown in Fig. 4) in 
the input current may take up a large amount of energy in the energy budget, so that when these 

25 bursts leave the moving energy window, a lot of room is opened in the energy budget, allowing 
the boundary current {Ibound) to be raised to the level of Imax, A higher Ibound value is shown 
as spikes 250 in Fig. 4. Since Ibound is larger, the requested input current can be raised higher. 
Once the input current is raised high enough, the energy budget is exceeded, and the requested 
input current is forced back down to the foldback level. This can happen very quickly, as shown 

30 by the thinness of the spikes 250. These discontinuities and spikes can be very noticeable to the 
user of the haptic device as changes in output force magnitude. 

To reduce the spikes 250 caused by the bursts and discontinuities, hysteresis can be added 
to the control method to smooth the output. For example, below the maximum energy (Emax) 
level, an energy threshold Ethr can be established. When the average energy level is moving 
35 downward below Emax, the input current lin and Ibound would normally be increased. 
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However, when using hysteresis, lin and Ibound are only begun to be increased after the energy 
level falls below the lower energy threshold Ethr, This provides some "play" so that the current 
is not immediately increased when energy is available in the energy budget, and is increased only 
after a sustained decrease in energy levels occurs. 

The hysteresis method described above can be effective in reducing the spikes 250 in 
current levels and force output, but does not eliminate the disconcerting transitions caused by 
changing currently levels from the Imax level to the Ifoldover level, and vice versa, as shown in 
Fig. 4. Another method eliminates these disconcerting transitions as well In a preferred method 
of the present invention, instead of making a sharp transition from Imax to Ifoldback, the current 
can be ramped gradually as a function of the energy by which it has exceeded some 
predetermined budget. For example, a threshold value Ewarning can be estabUshed as a 
percentage of Emax, e.g., 75% of Emax. As the energy in the system exceeds Ewarning, lin and 
Ibound are then reduced as a function of the energy by which Ewarning has been exceeded, until 
the current has been reduced to Isustainable at Emax, 

FIGURE 5 is a graph 260 showing a relationship of the present invention between energy 
and input current. This graph shows where the input current should be to achieve a particular 
energy level in the system. At an energy of Ewarning (or below), the Ibound level should be at 
Imax, and at an energy of Emax, the Ibound level should be at Ifoldback (which is equal to 
Isustainable in the described embodiment). Thus, as energy decreases from Emax, more current 
above the Ifoldback level is allowed to be commanded in the motor, until Emax is again reached. 

The current is preferably adjusted according to the following relationship: 
E — E 

warning. J _ 

p — P sustainable / \^ ) 

max warning 

where I is the present current to be commanded {lin), and E is the present energy in the system, 
determined by the previous current delivered to the motor. This relationship reduces / by the 
amount of current that has exceeded Isustainable so that the energy in the system stays within 
desired limits. 

FIGURE 6 is a flow diagram illustrating a preferred method of the present invention, and 
uses the "scaling relationship" described above. This method can be implemented by a local 
microprocessor on the haptic feedback device, or other processor in the haptic feedback system. 

In step 301, a request is accepted by the motor controller from a force feedback controller 
(such as a microprocessor, an actuator interface, force feedback control software, etc.). The 
request is a specific command to output a particular force level. For example, the request can be 
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stated as a percentage of full output of the motor, and can range from 0 to 100%. The force 
feedback controller has previously determined what force level should be output based on 
particular criteria and conditions. Li many cases involving overheating of motors, these 
conditions include the position of a manipulandum as affected by a user. For example, a barrier 
force provides a resistive force to a manipulandum that is moved "against" the barrier, i.e. if a 
knob is rotated to a position designated to have a barrier, then a force resisting motion into that 
position is output by the motor. The further that the user rotates the knob into the barrier, the 
greater the resistance force magnitude. 

After receiving the request in step 301, then in step 302, it is checked whether the average 
energy in the system (Avg Ein) is greater than the maximum energy allowed, Emax, The Avg Ein 
value is obtained in a step 318, described below. In some embodiments, the energy in the system 
can be approximated by using the current in the motor, since energy is proportional to current in 
the motor based on the relationship = I^R for a particular time period. More exact 
determinations of energy can also be used. If Emax has been exceeded, then in step 304, the 
current envelope (boundary) Ibound is set equal to Ifoldback to cause a reduction of energy in the 
system. As explained above, in one described embodiment, Ifoldback is equal to Isustainable. 
The lower Ibound value for the current will cause the energy in the system to drop back to safe 
levels, thus preventing overheating of the motor. After step 304, the process continues to step 
306, in which the requested command received in step 301 is mapped to the Ibound value found 
in the preceding steps, such as step 304. For example, the range of the requested current can be 
scaled down to the range as determined by Ibound, with Ibound as the maximum value; e.g., if an 
80% request is made, this request is scaled to the Ibound range. In next step 308, the scaled 
current is output to the motor so that a force (e.g. a torque in a rotary motor) is output to the user 
contacting the manipulandum of the interface device. The process then continues to step 318, 
detailed below. 

If in step 302 the Avg Ein is not greater than Emax, then in step 310 it is checked whether 
Avg Ein is less than Ewarning, the threshold value earlier established. If so, then in step 312 
Ibound is set equal to the maximum current that can be commanded in the motor, Imax. Thus, if 
Avg Ein is less than Ewarning, no scaling back of current is necessary, since any energy in the 
motor under Emax is allowed and safe for operation. The process then continues to step 306 to 
scale the requested current to Ibound, and the scaled current is sent to the motor in step 308. The 
process then continues to step 318, detailed below. 

If ^v^ Ein is not less than Ewarning in step 310, i.e. if the average current is between 
Emax and Ewarning, then step 314 is initiated, in which Ibound is scaled down according to the 
scaling relationship (equation (1)) described above. As indicated in Fig. 5, when the energy is 
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between Emax and Ewarning, the current is scaled to an appropriate level based on that energy. 
After step 3 14, the process continues to step 306 to scale the requested current to the range set by 
Ibound, and the scaled current is output to the motor in step 308. Step 318 is then initiated. 

In step 318, Avg Bin for the motor is computed based on the requested current received in 
step 301. As shown in the graph 328 of FIGURE 7, in the described embodiment, the average 
energy is determined using a moving "energy window" as explained above. The energy window 
330 has a width equal to a desired period T (e.g., 128 seconds). The Avg Bin is the energy in the 
motor within the time period T. The energy window is moved by a predetermined short amount 
of time 332 ("time slice") to find the next energy value (and discard the time slice at the rear end 
of the energy window). The length of the timeslice is practical for energy evaluation; for 
example, in one embodiment, the timeslice is two seconds (the energy in the motor over the two 
seconds is averaged to find a single value for the 2-second timeslice). Thus, the window is 
moved in increments of the time slice (two seconds), where a new Avg Bin is computed at the 
new position of the window. In step 318 of Fig. 6, the window is moved by one time shce 
increment and the new Avg Bin is computed. Previous energy (or current) levels can be stored in 
a memory device to determine the average energy over the full time period T. In some 
embodiments, the energy can be approximated by the current in the motor as explained above, so 
that the computation of average energy in step 318 is actually the computation of average current 
within the time window 330. 

After step 318, the process returns to step 301 to accept another request from the force 
feedback controller. Ibound is determined fi-om any of steps 304, 312, and 314, and then a new 
Avg Bin is computed from the requested current most recently received from step 301 . 

FIGURE 8 is a graph 350 illustrating a simulation of the above-described method, in 
which the 'Vorst case /z«" (a request for 100% magnitude forces), shown as curve 352, is ramped 
down more gradually than the situation described above for Fig, 3 or 4, in which a sharp 
transition is made. The average ipo^cxAvgBin is shown as curve 354. 

FIGURE 9 is a graph 360 showing results when providing a random and discontinuous 
input current Possible lin (curve 362) and applying the above-described method, where delivered 
force (e.g. torque) is less than requested force current. The current is limited to the level Ibound 
(curve 364) providing a clean foldback current result that is substantially ramped between 
maximum outputs and conceals the jumps into thermal protection mode. This prevents the harsh 
transitions shown in earlier methods and is much more appealing to the user of the device. The 
average power Avg Ein is shown as curve 366. 



Docket No. IMM115A 



17 



For some motors or embodiments, at elevated operating temperatures a motor could be in 
danger of exceeding the coil temperature specification (e.g., 120 °C) when a relatively higher 
Ifoldback is used. A lower Isustainable or Ifoldback current setting can therefore be chosen if the 
temperature increase will be a problem. 

It should also be noted that, in a multiaxis or multi-degree-of-freedom interface device 
having a motor associated with each axis or degree of freedom, the current can be reduced in all 
of the multiple motors proportionally, where the maximum current is established by the one 
motor currently operating with the most energy. 

The method of thermal protection works almost transparently to protect a motor of a 
haptic feedback device from over-temperature conditions. One problem is that the method is not 
theoretically bounded; temperature can creep up over time to eventually damage the motor coil. 
Parameters can be set so that, at normal temperatures, temperature will plateau at a safe level. 
However, for extended worst-case input (e.g., more than 30 minutes or so) in elevated operating 
temperatures (e.g., more than 60 °C), the coil can be expected to reach a dangerous temperature 
level. Safer current levels can therefore be used, depending on intended applications. Also, 
other protection methods, such as the PTC fuse method mentioned in the background section, can 
be used in conjunction with the power monitoring method of the present invention to provide a 
more complete and robust actuator heat management scheme. 

While this invention has been described in terms of several preferred embodiments, it is 
contemplated that alterations, permutations and equivalents thereof will become apparent to 
those skilled in the art upon a reading of the specification and study of the drawings. For 
example, many different types of haptic sensations can be provided with the actuators of the 
present invention. Furthermore, certain terminology has been used for the purposes of 
descriptive clarity, and not to limit the present invention. It is therefore intended that the 
following appended claims include alterations, permutations, and equivalents as fall within the 
true spirit and scope of the present invention. 
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